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Abstract 
In a traditional four-step urban transportation demand forecasting modeling, passenger trips in a zone generated in the 
trip generation step are distributed to other zones using various algorithms, such as a gravity model. However, this 
method does not apply well to commodity flow distribution because commodities are transported by various types of 
trucks depending on types of commodities, which eventually affect the number of trips generated. A new concept for 
distributing commodity flows to zones using an enhanced gravity model with composite friction factors was 
developed and the concept was applied to commodity flow distribution in the state of Utah.    
© 2012 Published by Elsevier Ltd. Selection and peer-review under responsibility of Beijing Jiaotong 
University (BJU) and Systems Engineering Society of China (SESC).   
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1. Introduction 
An increasing number of studies related to freight planning have focused not only on defining the role 
of advanced technologies in enhancing system productivity and efficiency but also on suggesting traffic 
control strategies aimed at ameliorating the negative environmental impacts of truck traffic upon local 
communities and estimating future freight supply and demand to determine future needs for highway 
infrastructures. The most significant hurdle to including freight transportation in the transportation 
modeling process is that most of the current demand forecasting methodologies were developed for 
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passenger trips, not for freight movement trips. This traditional modeling methodology usually makes an 
assumption that freight trips follow a behavioral mechanism similar to that of passenger trips; that is, 
truck traffic is estimated as a function of passenger-trip traffic (Ogden 1992). 
To overcome the weakness of applying a typical four-step demand forecasting model based on 
passenger trips to freight transportation, the concept of commodity flow modeling can be applied to 
develop statewide freight flow models. Commodity-based demand models focus on modeling the amount 
of freight transported, measured in tons or any comparable unit of weight, through state highway 
networks. Researchers have found that focusing on the movement of freight enables commodity-based 
demand models to more accurately capture the fundamental economic mechanisms that drive freight 
movements (Cambridge Systematics et al. 1997, Holguin-Veras and Thorson 2003). To forecast the 
commodity flow transported by trucks within a state, it is necessary to study factors contributing to the 
behaviors and characteristics of commodity flow.  
This paper presents a new concept for distributing commodity flow transported by trucks among 
counties in a state, based on county-level total commodity flow available via the Internet. The Freight 
Analysis Framework (FAF) version 3 (FAF3 2010) available via the Internet at the time of this study had 
county as the smallest unit of commodity flow reporting. This new distribution methodology is an 
enhanced gravity model that employs composite friction factors consisting of physical distance, Euclidean 
distance of the factors considered for commodity generation, and the economic factors of population 
difference and employment difference among the counties in a state that are considered to affect 
commodity flow distribution. The paper presents a brief literature review, scope of the work and 
methodology, results of an application of the model to within-state commodity flow distribution, 
calibration of model parameters, followed by a conclusion. 
2. Literature review 
Freight transportation is commonly measured and described by either commodity movements or 
vehicle movements. Commodity movements are typically represented by an origin-destination matrix that 
contains both type and quality of goods moved vis-à-vis vehicle movements, which are represented by 
traffic flows in different modes. Freight demand is derived from the socioeconomic system in which raw 
materials, intermediate inputs, and finished products are needed at specific times. Therefore, the primary 
focus of freight transportation demand modeling should be placed on commodity movements because 
vehicle movements are triggered by the need for moving commodities (Luk and Chen 1997).  
Cambridge Systematics et al. (1997) discussed two major freight demand forecasting approaches that 
were used at the time of their study: structured approach and direct approach. The structured approach 
follows the classic four-step urban transportation planning process and needs significant amounts of data 
because it requires comprehensive interrelationship among economic activities, production and attraction 
by industry, distribution or linkages between production and consumption nodes, mode choice and 
shipment size decisions, vehicle trips, and route assignments. The direct approach is a simplification of 
the structured approach in that it usually addresses a specific aspect or component of goods movement 
rather than estimating the entire freight demand on the transportation system. This approach is more 
useful than the structured approach in cases of limited data availability. 
Ogden (1992) stated that the multiple dimensions of freight flow modeling (i.e., weight, volume, 
transport mode, and volume of freight traffic) have given rise to two major modeling platforms: 
commodity-based modeling and trip-based modeling. Many freight modeling research studies have used 
the four-step passenger modeling framework as the base for their freight flow modeling. They pointed out 
that one of many disadvantages of the freight demand models that explicitly used the four-step approach 
was that they completely lacked elements of logistic organization unique to freight movements (Black 
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1999, Fisher et al. 2000, Proussaloglou et al. 2007). 
To strengthen the advantages of existing trip distribution models and complement their shortcomings, 
a new paradigm that identifies major factors contributing to the understanding the behaviors and 
characteristics of commodity flow is needed. This is the motivation for developing the commodity flow 
distribution model presented in this paper. 
3. Scope of the work 
The commodity flow distribution model presented in this paper distributes the commodity generated in 
a county and transported by trucks to the other counties within a state. The model is an enhanced gravity 
model with composite friction factors that would complement the weakness of the typical gravity model. 
Coefficients of the friction factors used in the model are calibrated using the 2002 CFS data for Utah 
(FAF2 2009). This section discusses the model development process, the core concept, the descriptions of 
the factors included in the model, and the commodity flow distribution model.  
3.1. Model development process 
To build a statewide commodity distribution model that would make up for the shortcomings of the 
traditional gravity model, a new set of friction factors were developed. The new model considers not only 
a traditional friction factor (in this model physical distance is used) but also statistical distance (Euclidean 
distance of the factors identified as significant parameters for commodity generation) and economic 
factors (difference in populations and difference in employment between counties), which are considered 
to be major factors that affect commodity distribution within a state. The factors used to determine 
Euclidean distance were established in an analysis conducted prior to this study (Jin 2011) in order to 
evaluate the relationships between commodity flows and factors that would reflect the characteristics of 
land use. The model development had the following seven steps: (1) development of a new concept for 
commodity distribution among the counties in a state, (2) selection of friction factors used in the model, 
(3) development of a framework of the model, (4) determination of the equation of each friction factor, 
(5) application of the model to the real data (the state of Utah was used in this study), (6) calibration of 
friction factor parameters, and (7) adjustment of production and attraction values by a growth method. 
3.2. Core concept 
The commodity flow distribution model developed in this study starts with the framework of a gravity 
model using counties as traffic analysis zones (TAZ). It was assumed that in addition to the physical 
distance, commodity flow between an origin TAZ (i) and a destination TAZ (j) is affected by a statistical 
distance among the variables (Euclidean distance) and two economic factors (difference in population and 
difference in employment between zones i and j). To bring the distribution of raw data closer to normal 
distribution of the data, raw data of the factors used in the model were transformed using a natural log 
transformation to reduce the statistical effect on analysis results due to large differences in raw data 
values among the factors. 
3.3. Characteristics of friction factors 
As mentioned in the previous section, the commodity flow distribution model developed in this study 
employs two friction factors in addition to the physical distance, which are statistical and economic 
friction factors. 
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(1) Physical friction factor (Physical distance)  
The enhanced gravity model was developed with the concept that trips between zones i and j were 
made by an analogy drawn between the spatial interaction and gravitational interaction between zones i
and j (Meyer and Miller 2001). Transportation costs increase as distance increases; hence this factor 
reflects the idea that, if at all possible, commodities will be purchased from zones close to the zone under 
consideration. The physical friction factor is typically an inverse function of the travel cost between zones 
i and j (e.g., travel time, distance, monetary out-of-pocket cost, generalized cost, etc.). In this model, 
straight distances between the geographical centers of zones i and j were used to represent the physical 
distance between the two zones i and j, ijP .
(2) Statistical friction factor (Euclidean distance) 
Commodity flow can be influenced by more than just the physical distance between two zones. To 
include the effect of more factors affecting commodity flow, a statistical distance was considered. To 
simultaneously reflect the influence of multiple factors, Euclidean distance was selected. Prior to this 
study, the authors studied relationships between commodity flow and other economic factors (Jin 2011). 
From this study the following factors were found to be influential for estimating commodity generation in 
the zones: (1) paid employees for pay period including March 12, (2) first-quarter payroll, (3) annual 
payroll, (4) employment data by area and industry, (5) number of jobs, and (6) wage for each county. The 
data for these factors were obtained from the FAF version 3 (FAF3 2010).  
The Euclidean distance is given by the Pythagorean formula (Deza and Deza 2009). The Euclidean 
distance between the two points, p and q, is the length of the line segment connecting zone i and zone j. In 
Cartesian coordinates, if p = (p1, p2,..., pn) and q = (q1, q2,..., qn) are two points in Euclidean n-space, then 
the distance from p to q is given by Equation (1): 
2 2 2
1 1 2 2 1( , ) ( ) ( ) ( )
n
n n i i id p q p q p q p q p q      ¦2+( - ) =      (1) 
(3) Economic factor (Difference in population and employment) 
To reflect economic factors in the gravity model, the difference in population and the difference in 
employment were included as production and attraction factors. It was assumed that the difference in 
population ( ij i jO O O'   ) between zones i and j and the difference in the number of employment 
( ij i jM M M'   ) between zones i and j would contribute to the production and attraction of commodities 
between zones i and j. When ijO' is positive, commodity flows from zone j to zone i because there are 
more consumers in zone i (commodity is attracted to zone i). Similarly, when ijM'  is positive, more 
products are produced in zone i than zone j. Thus, commodity flows out from zone i to zone j.
3.4. Commodity flow model 
Based on the concept and the contributing factors just explained, a distribution model for commodities 
transported by trucks in the form of a gravity model was developed. Equation (2) shows the amount of 
commodity exchange between zones i and j within a state. 
                    
1
i j ij ij ij ij
ij m
j ij ij ij ijn
C C C U N K
C




                                                                   (2) 
where, 
ijC = commodity flow (thousand tons) from production zone i to attraction zone j,
iC  = commodity flow (thousand tons) produced in zone i,
jC  = commodity flow (thousand tons) attracted to zone j,
ijf   = physical friction factor, a physical distance ( ijP  )(miles) between production zone i and attraction 
zone j,
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ijU  = statistical friction factor, a Euclidean distance ( iju ) between production zone i and attraction zone 
j,
ijN  = economic factor consisting of the difference between the difference in the number of 
employment ( ijM' ) and the difference in population ( ijO' ) between zones i and j, and 
ijK  = adjustment factor for commodity flow interchange between zone i and zone j. Assumed 1ijK  
during parameter calibration step. 
3.4.1. Characteristics of each factor 
The physical friction factor, often known as a travel impedance factor and denoted ijf , can have the 
form shown in Equation (3) (Meyer and Miller 2001): 
        ijaPijf e
                                        (3)
where 
ijP = physical distance (miles) between zones i and j, and a = model parameter. 
The Euclidean distance, denoted ijU between zones i and j was estimated by the SPSS Inc. (2004) 
statistical software using the aforementioned factors determined as most influential in commodity 
generation estimation. In the model, the statistical friction factor denoted as ijU , can have the form, 
shown in Equation (4).  
         ijbuijU e
                                                                           (4)
where
 uij = Euclidean distance between zones i and j, and b = model parameter. 
As the economic factors, the difference of population ( ij i jO O O'   ) between zones i and j and the 
difference of employment ( ij i jM M M'   ) between zones i and j were used. In the model, the economic 
factor, which is a commodity flow indicator and denoted ijN , was assumed to have the form shown in 
Equation (5): 
                                    ij ij
c M d O
ijN e
'  '                                                                           (5)
where, 
ijM'  = difference in employment (number of employees) between zones i and j,
ijO'  = difference in population (number of people) between zones i and j, and 
        c and d = model parameters  
4. Application of the model 
The statewide commodity flow distribution model presented in the previous section was applied to the 
state of Utah for distributing the total amount of within-Utah commodities that were transported by trucks 
(61,626 thousand tons in CFS 2002) into each county in Utah. This section discusses data collection 
method, model parameter determination, and results of the initial model run.  
4.1. Data collection 
Data necessary for this research were collected from commodity- and freight-related websites open to 
the public, including the FAF (FAF2 2009), the CFS (BTS & BC 2009), and the official website of the 
state of Utah (2009).  
The 2002 County Business Pattern (CBP) data were drawn from the FAF website (FAF2 2009). The 
2002 Utah social and economic characteristics of Utah including employment, number of jobs, wages and 
population were obtained from the official website of the state of Utah (2009).  
Statewide within-state commodity flow totals were allocated to each country by two-digit standard 
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industrial classification (SIC) code using the proportion of the county total employment to the state total 
employment following the findings of Fisher et al. (2000) and Iding et al. (2002) that employment data 
were closely related to the amount of commodity flow generated.  
4.2. Determination of model parameters 
By using the collected data, all factor values were determined—physical distance, Euclidean distance, 
difference in population, and difference in employment between zones i and j. Since physical distance and 
Euclidean distance values were so large compared to the economic factor values, they were scaled down 
to the one hundredth of those data to make them compatible to the economic factor values when used in 
the distribution model. For the employment and population data, natural log transformed values were 
used. 
4.3. Results of the initial run of the model 
With all input data for the model ready, an initial run of the enhanced gravity model with composite 
friction factors was applied to the within-Utah commodity flow with all model parameters and ijK  values 
set to 1 to investigate how the model performs. With the gravity model framework, production totals were 
correct, but as expected, attraction totals were unrealistic. Hence, the parameters needed to be calibrated 
to the within-Utah commodity flow condition. Fig. 1 shows the results of the initial run of the commodity 
flow distribution model.  
5. Calibration of model parameters 
The initial run demonstrated the need for calibrating parameter values of the four factors used in the 
model. This section presents the procedure used to obtain the optimal values of these four parameters and 
results of an application of the method to a commodity flow distribution case of the state of Utah.   
5.1. Calibration procedures 
While the commodity flow distribution model focuses on the production side of commodity flow 
between zones i (production zone) and j (attraction zone), calibration of the parameters of the four factors 
focuses on the attraction side of the commodity flow. As a criterion for stopping the calibration task, one 
of the economic factors in the model, the sum of difference in population for zone j, ij i jO O O'   , was 




'¦ , was more than 
the average difference in population of all zones, ( )ijAverage O' of all zones, the commodity attracted to that 
zone is more than the commodity produced in that zone. Based on this concept, the following two 
conditions exist.  











'¦ ¦  from j = 1…29, zone i attracts more commodity than zone j (the larger the 
population, the more the need for commodity), and  
x If not, zone i attracts less commodity than zone j.




'¦ greater than the average of ijO'  for 
all zones, meaning zone j attracts more commodity than zone i.   
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Fig. 1.  Results of the initial run of the commodity flow distribution model (in thousand tons) 
5.2. Two-stage calibration method 
Following the procedure mentioned in the previous section, the calibration of model parameters took 
place as follows (a macro within EXCEL was utilized to execute these steps): 
Step 1: Find out the zone number of attraction zone j whose total ratios of attraction is higher than the 




'¦  by attraction (A) with average of  ijO' for all zones.
(B) (if A>B, then zone i attracts more commodity than zone j) (the number of zones = 16 was found), 














Step 2: Compare the ratio (using Equation 2) of the model (attraction ratio > production ratio) by zone 
(start with a, b, c, d = 1, and Kij = 1), 
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=ratio of production of each zone=1.0 
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Step 3: Determine a, b, c, and d with maximum number of zones satisfying the conditions in Step 1 
and Step 2 by estimating the coefficients a, b, c, and d, using an enumeration method (of a total 103,173 
cases, 18,196 cases were found to have the 16 counties that were identified in Step 1 and Step 2 with 
),
Step 4: Find the best combination of parameter values a, b, c, and d that satisfies Equation (6) among 
the cases that had the 16 counties with  1ijRC ! found in Step 3,   
Min Z=( Normalized ' Pop- Normalized Attraction)                        (6) 
where
29 29
29 1 1 2
1
1





C O andD Normalized Pop C D D  
 
!
 '  '  
¦ ¦¦
Step 5: Determine the attraction and production commodity flow values using the average growth 
factor method by adjusting Kij values.   
5.3. Calibration results 
These five steps were applied to the within-Utah commodity flows. The optimal combination of model 
parameter values met the two requirements: (1) the number of zones that have more than average 
difference in population between zone i and zone j and (2) a minimum difference between the normalized 
population difference and the normalized attraction values, that is, meeting Equation (6). 
(1) number of zones that meet the criterion. That Meet the Criterion: It was found that 16 of the 29 
zones (i.e., counties) satisfy the conditions set in Step 1 through Step 3 mentioned in the previous section. 
Hence, during the enumeration of parameter values, cases that produced the number of zones that had 
difference in population greater than the average difference in population were identified.  
(2) Finding an optimal combination of parameter values. To determine optimal parameter values of the 
model (a, b, c, and d) that satisfy the requirements in Step 4, an enumeration method was used. Parameter 
values a, b, c, and d were modified with a decreased scale size of one-quarter (2.0, 1.75, 1.5, 1.0, 0.75, … 
0.0001) for each value. A total of 103,173 combinations of parameter values were evaluated to find an 
optimal combination of parameter values that satisfy the conditions presented in Step 1 and Step 2 
outlined previously. The number of combinations of parameter values that satisfied these conditions was 
18,196. 
Then, Step 4 was performed to find an optimal combination of parameter values that would minimize 
the results of Equation (6). The optimal combinations of parameter values among the 18,196 that 
produced the least objective function value were found to be a = 0.0001, b = 0.0050, c = 0.0001 and d = 
0.0010. The minimum difference in Equation (6) was z = 0.00000052. 
(3) haracteristics of the case that gives optimal parameter values. With the optimal combination of 
parameter values found, trends in difference in population and employment were reviewed. Fig. 2 shows 
a comparison of the trend of attraction by county and the trend of ratio of difference in population and 
employment for the case that produces the least value of the objective function. It is shown that the 
attraction ratio and the normalized difference in population show a similar trend, meaning the resulting 
attraction ratio reflects the trend of difference in population. What is interesting is that the trend in the 
ratio of difference in population is opposite to the trend in employment. For instance, county 18 is Salt 
Lake County, where the employment ratio is positive, meaning more commodities are produced while the 
trend in the difference in population is negative, meaning less commodity moves to Salt Lake County. 
This means that Salt Lake County is a major production center. The same trend is seen in county 25, Utah 
County. Another major production center is county 6, Davis County. This result is logical considering 
that these three counties are home to major producers of commodities in the state.  
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Fig. 2. Comparison of ratio of attraction and ratio of difference in population and employment 
Fig. 3 Commodity flow distribution between zones i and j with optimal combination of model coefficient values 
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(4) Determination of production and attraction between zones i and j. With the ratio matrix complete, 
the total commodity production and attraction can be determined as outlined in Step 5. Using the optimal 
combination of parameter values a, b, c, and d, commodity flows between zones i and j were determined. 
Fig. 3 shows the first run of commodity flow distribution algorithm using the optimal combination of the 
four parameter values. 
With the enhanced gravity model, production values (row values) add up to the total amount of 
commodity of each county. However, it is not guaranteed that attraction values add up to the total value 
of commodity in each county. The average growth method by Abraham (2010) was used to make 
adjustments to production and attraction values. In the average growth method, kijT  in the next iteration 
were estimated by the growth factors of the previous iteration,  1kiF
  and 1kIF
 , as shown in Equation (7). 
      
**
1 1 0 0 0 1 1 1
1 1, , ( ) / 2 , ( ) / 2
j
jk k k K Ki
I j i j i j j i j i j l
i
PP
F F i F T T F F T T F F
P P
                    (7) 
The ratios of production ( * /i i iF P P ) and attraction ( * /j j jF P P ) were used instead of  *iP  and  *jP  in the 
original growth factor method by Abraham (2010). After 16 iterations, the goal that iF  and jF  were 
within ±0.05 of 1.00, the target value (i.e., ±5% of target values), was achieved. Fig. 4 shows the final 
results of the commodity flow distribution model after 16 iterations of the average growth method. 
Fig. 4. Final commodity flow distribution between zones i and j after 16 iterations of the growth factor method 
6. Conclusions 
Commodity movements are typically represented by an origin-destination matrix that contains both the 
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type and quantity of goods transported. Hence, creating an origin-destination matrix of commodity flow is 
the first step before assigning freight transport vehicles to a network of highways. To create the 
distribution matrix, a new commodity flow distribution model based on the concept of the gravity model 
was developed. This enhanced gravity model consists of composite friction factors including physical 
distance, statistical distance (Euclidean distance), and economic factor consisting of the difference in 
population and the difference in employment among the zones, which are considered to affect commodity 
distribution.  
This model was applied to distribute commodities transported by trucks, obtained from the 2002 CFS 
via the Internet at no cost, among the counties within Utah. The model parameters were calibrated using 
an enumeration method for the commodity data of the state of Utah for year 2002 using the difference in 
population function, ij i jO O O'   , one of the economic factors in the commodity flow distribution model, 
as a criterion for finding combinations of parameter values that result in the number of counties above the 
average difference in population. After the combinations of parameter values meeting the trend in 
difference in population were identified, the difference between the attraction ratio for each county and 
the ratio of population difference were minimized to find an optimal combination of model parameters 
that minimize this difference.  
The total amount of commodities that are to be transported by trucks in each county was distributed to 
production zone i (county i) and attraction zone j (county j) using the commodity flow distribution model, 
and then the growth factor method was used to adjust the production and attraction distribution values to 
achieve the results within ±5% of target values. 
At the time when this model was developed there was no data to validate this model because neither 
CFS nor FAF provided county-level commodity flow data. However, with the level of details in 
commodity flow data currently available via the Internet, the commodity distribution method developed 
in this study can be a useful tool for distributing within-state commodity flow transported by trucks to the 
counties in a state. Distributing commodity flows to zones first reflecting the commodity generation and 
attraction relationship and subsequently estimating the number of vehicles needed to transport them is 
more logical than using the concept of trip distribution used in the traditional four-step model.  
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